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background: Iron deﬁciency during pregnancy is associated with adverse birth outcomes, particularly, if present during early gestation.
Iron supplements are widely recommended during pregnancy, but evidence of their beneﬁt in relation to infant outcomes is not established.
This study was performed in the UK, where iron supplements are not routinely recommended during pregnancy, to investigate the associ-
ation between iron intake in pregnancy and size at birth.
methods: From a prospective cohort of 1274 pregnant women aged 18–45 years, dietary intake was reported in a 24-h recall adminis-
tered by a research midwife at 12-week gestation. Dietary supplement intake was ascertained using dietary recall and three questionnaires in
the ﬁrst, second and third trimesters.
results: Of the cohort of pregnant women, 80% reported dietary iron intake below the UK Reference Nutrient Intake of 14.8 mg/day.
Those reported taking iron-containing supplements in the ﬁrst, second and third trimesters were 24, 15 and 8%, respectively. Women with
dietary iron intake .14.8 mg/day were more likely to be older, have a higher socioeconomic proﬁle and take supplements during the ﬁrst
trimester. Vegetarians were less likely to have low dietary iron intake [odds ratio ¼ 0.5, 95% conﬁdence interval (CI): 0.4, 0.8] and more
likely to take supplements during the ﬁrst and second trimesters. Total iron intake, but not iron intake from food only, was associated
with birthweight centile (adjusted change ¼ 2.5 centiles/10 mg increase in iron, 95% CI: 0.4, 4.6). This association was stronger in the
high vitamin C intake group, but effect modiﬁcation was not signiﬁcant.
conclusion: There was a positive relationship between total iron intake, from food and supplements, in early pregnancy and birth-
weight. Iron intake, both from diet and supplements, during the ﬁrst trimester of pregnancy was higher in vegetarians and women with a
better socioeconomic proﬁle.
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Introduction
Iron deﬁciency during pregnancy is still common in developed
countries (Beard, 1994; Milman et al., 1998; Robinson et al., 1998;
Bergmann et al., 2002). It is associated with adverse birth outcomes
such as small for gestational age (SGA), preterm birth and delayed off-
spring neurological development, particularly if present during the ﬁrst
half of pregnancy (Zhou et al., 1998; Scholl, 2005; Rao and Georgieff,
2007; Beard, 2008; Baker et al., 2009). There is evidence from animal
studies that low iron intake during pregnancy adversely affects the off-
spring’s blood pressure, obesity levels and other cardiovascular
outcomes in the long term (Gambling et al., 2003; Lisle et al., 2003;
Gambling et al., 2004; Zhang et al., 2005; Andersen et al., 2006).
Iron supplements are widely recommended and used during preg-
nancy worldwide (Centers for Disease Control and Prevention,
1998; World Health Organization, 2006). There are far more
studies examining the effect of iron supplements during pregnancy
than those measuring total dietary iron intake in the mother and inves-
tigating its association with birth outcomes (Preziosi et al., 1997;
Christian et al., 2003; Cogswell et al., 2003; Vaidya et al., 2008).
However, the evidence on what beneﬁt iron supplements contribute
to infant outcomes is still not established (Pena-Rosas and Viteri,
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2009), and their routine use has drawbacks such as gastrointestinal
side effects and interactions with other micronutrients especially if
taken as part of a multivitamin-mineral supplement (Rossander-Hulten
et al., 1991; O’Brien et al., 1999, 2000; Roughead and Hunt, 2000).
Iron supplements can also reduce the absorption of dietary
non-heme iron (Roughead and Hunt, 2000) and can increase oxidative
stress and the production of free radicals (Casanueva and Viteri, 2003;
Scholl, 2005). Therefore, they are not routinely recommended during
pregnancy in the UK (NICE, 2008).
In the USA, a dietary iron intake of 27 mg/day during pregnancy is
recommended (IOM, 2001). In the US National Health and Nutrition
Examination Survey III, median iron intake in pregnant women was
15 mg/day (National Center for Health Statistics, 1994). In the UK,
the Reference Nutrient Intake (RNI) for women aged 19–50 years
is 14.8 mg/day, and Lower Reference Nutrient Intake (LRNI) is
8 mg/day, with no speciﬁc recommended increment during pregnancy
(Department of Health, 1991). The RNI is the amount of a nutrient
that is enough to ensure that the needs of 97.5% of the population
are being met. LRNI is the amount adequate for only the small
number of people who have low requirements (2.5%) (Department
of Health, 1991). The mean daily dietary intake of total iron from
the 2001 National Diet and Nutrition Survey in Great Britain was
10 mg for women aged 19–64 years (FSA, 2003). Around 25% of
women aged 19–64 years, 41% of women aged ,34 years and
53% of women receiving income-beneﬁts had daily dietary iron
intakes less than the LRNI. Such low levels of iron intake were also
seen in other European countries such as Denmark (Andersen
et al., 1995). There is evidence from nutritional surveys in the UK
and Norway that women’s dietary patterns change little with preg-
nancy (Trygg et al., 1995; Crozier et al., 2009). In the latter survey,
96% of pregnant women had an iron intake ,18 mg/day with an
average iron intake of 11 mg/day (Trygg et al., 1995). To meet the
iron demand in pregnancy, women would need to make considerable
changes in their dietary pattern, which some argue to be unrealistic,
hence the recommendation of iron supplements. However, it has
been shown that transfer of iron to the fetus is better in non-iron sup-
plemented than in supplemented women (O’Brien et al., 2003).
Dietary iron occurs in two forms: heme and non-heme. About 95%
of iron in the average British diet is in the form of non-heme iron
(Food Standards Agency, 2003). The extent to which non-heme
iron is absorbed is highly variable and depends on the individual’s
iron status and other dietary components. Ascorbic acid enhances
non-heme iron absorption when consumed as part of a meal
(Skikne and Baynes, 1994), while high calcium intakes during preg-
nancy might reduce non-heme iron absorption, leading to iron
deﬁciency (Robinson et al., 1998). Heme iron comes mainly from
meat. It has a higher bioavailability and is well absorbed. Its absorption
is further facilitated by organic compounds present in meat called meat
factors (Skikne and Baynes, 1994). Unlike that of the non-heme iron,
heme iron absorption is inﬂuenced little by other dietary constituents.
It also enhances non-heme iron absorption from other foods con-
sumed at the same time. Recent evidence suggests that heme and
non-heme iron may have different associations with individual health
outcomes (Tzoulaki et al., 2008).
Results of studies investigating the relationship between dietary
maternal iron intake during pregnancy and size at birth and/or gesta-
tional age are conﬂicting (Doyle et al., 1990; Haste et al., 1991; Scholl
et al., 1992; Scholl and Hediger, 1994; Godfrey et al., 1996; Mathews
et al., 1999, 2004; Mitchell et al., 2004; Lagiou et al., 2005;
Al-Shoshan, 2007; Baker et al., 2009). Many studies that have assessed
total iron intake did not model the relationships separately for iron
from food and that from dietary supplements. Neither did they con-
sider the potential differential effects of heme and non-heme iron.
One study assessed the relationship between ascorbic acid and
anemia and well as vitamin C intake and iron status (Baker et al.,
2009); however, the potential interaction between iron intake and
the vitamin C intake and other micronutrients has not been explored
(Gibney et al., 2004). The aims of this study were to investigate the
association between maternal iron intake during early pregnancy and
both birthweight and gestational age, to assess whether any relation-
ships differ by source of iron (food versus dietary supplements) or by
type of iron (heme versus non-heme), and to explore the role of
vitamin C intake as an effect modiﬁer.
Materials and Methods
Study design and participants
The Caffeine and Reproductive Health (CARE) study is a prospective birth
cohort in which low-risk pregnant women aged 18–45 years with single-
ton pregnancies were prospectively recruited at 8–12-week gestation
from the Leeds Teaching Hospitals maternity units between 2003 and
2006. This was part of a multicentre study into maternal diet and birth
outcomes. Women with concurrent medical disorders, psychiatric
illness, human immunodeﬁciency virus infection or hepatitis B infection
were excluded. Eligible women were identiﬁed by screening their pre-
booking maternity notes. They were then sent detailed information
about the study and were asked to return a reply slip to state whether
they were willing to take part. Those who agreed to participate were
then interviewed. This interview was conducted either at the hospital,
the participant’s general practice, or her home by a research midwife.
Demographic details were obtained using a self-reported questionnaire.
Information was obtained from the hospital maternity records on antenatal
pregnancy complications and delivery details (gestational age at delivery,
birthweight and sex of the baby). Data on hemoglobin (Hb) levels and
mean corpuscular volume (MCV) at 12 and 28 weeks pregnancy were
available for a subsample of the cohort that was selected randomly from
the main sample using study identiﬁcation numbers. All women participat-
ing in the study gave written informed consent, and the study was
approved by the Leeds West Local Research Ethics Committee (reference
number 03/054).
Assessment of diet and supplement use
Supplement use was ascertained throughout pregnancy using question-
naires in the ﬁrst, second and third trimesters. The questionnaires were
interviewer administered during the ﬁrst (up to 12-week gestation) and
third trimester (from 28-week gestation) and self-administered during
the second trimester (13–27-week gestation). The respondents were
asked to report the type/brand, frequency and the amount of all the
dietary supplements they were using during each trimester.
Dietary and supplement intake was reported through a 24-h dietary
recall administered by a research midwife at 8–12-week gestation.
Values for the proportion of heme iron in each type of meat were used
to derive heme values for each of the food codes. These values were
derived by recording the meat content of each product, together with
food tables values (McCance, 1990), to calculate a weighted mean meat
content of each food item consumed. A literature search was carried
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out to arrive at ‘heme factors’ for different animal products that reﬂect the
heme iron content of these foods. Values derived from the Schricker and
modiﬁed Schricker methods, and the Hornsey method was used to calcu-
late mean values for heme iron (Hornsey, 1956; Schricker and Stouffer,
1982). These values were then used to generate total iron values for
each relevant food (O’Hara, 2004). The non-heme iron values were
derived as the difference between total iron from food tables
(McCance, 1990) and calculated heme values. Total iron was derived
from adding dietary intake and supplement intake as reported in the
recall. Iron content of each supplement reported was added to the
dietary intake multiplied by total number of supplement tablets/capsules
taken during the 24-h recall. Vitamin C intake from the diet was reported
in the 24-h recall and categorized into above or equal to/below the RNI of
50 mg/day.
Assessment of outcomes
The two primary outcome measures were birthweight and preterm birth.
Birthweight was measured in grams, and expressed as customized centile
using charts that take into account gestational age, maternal height, weight,
ethnicity and parity, and neonatal birthweight and sex (Gardosi, 2004).
Duration of gestation was calculated from the date of the last menstrual
period, and conﬁrmed by ultrasound scans dating at around 12 and
20-week gestation. SGA was deﬁned as less than the 10th centile for gesta-
tional age. Preterm birth was deﬁned as delivery at ,37-week (259 days)
gestation.
Assessment of participants’ characteristics
Socioeconomic status was assessed using the Index of Multiple Depri-
vation (IMD) score. The IMD 2007 combines a number of indicators
(chosen to cover a range of economic, social and housing issues) into a
single deprivation score for each small area in England. This allows each
area to be ranked relative to one another according to their level of depri-
vation (Department for Communities and Local Government, 2009). IMD,
however, is an area (not an individual) deprivation measure.
Mothers’ educational level, smoking status, alcohol intake, parity, ethni-
city, pre-pregnancy weight, past history of miscarriage, long-term chronic
illness and vegetarian diet were self-reported in a ﬁrst-trimester question-
naire. Salivary cotinine levels were measured using an enzyme-linked
immunosorbent assay (Cozart Bioscience, Oxfordshire, UK). Participants
were classiﬁed, on the basis of these cotinine concentrations, as active
smokers (.5 ng/ml), passive/occasional smokers (1–5 ng/ml) or non-
smokers (,1 ng/ml; CARE Study Group, 2008).
Statistical power calculations
Comparing birthweights between mothers with dietary iron intake of
.14.8 mg/day (the recommended UK RNI for women of childbearing
age) with those with ≤14.8 mg/day during the ﬁrst trimester of preg-
nancy, using the ratios of the low-intake to the high-intake group and
the standard deviation for birthweight identiﬁed in this study (SD ¼
577 g), we had 85% power to detect a difference of 120 g in birthweight
between the two groups for P, 0.05 and a two-sided test.
Statistical methods
Univariable comparisons were made using Student’s t-test for continuous
variables and x2 test for categorical variables. Multiple linear regression
using birthweight/customized birth centile as continuous outcomes, and
unconditional logistic regression with preterm birth and SGA as binary
outcomes were performed using STATA version 11 (College Station,
TX, 2009).
Analyses were conducted using dietary iron intake as a continuous
variable and a binary variable using the UK RNI cut-off of 14.8 mg/
day. Total iron from diet and supplements, assessed by the 24-h
recall, was analyzed as a continuous variable. Intake of iron-containing
supplements was analyzed as a binary variable. Maternal height,
weight, ethnicity, parity, neonatal gestation at delivery and baby’s sex
were taken into account in the deﬁnition for customized birth centile,
and were adjusted for in the model for birthweight. Statistical adjustment
was also made for maternal age, salivary cotinine levels and alcohol con-
sumption. Sensitivity analyses for the linear model were performed by
excluding vegetarians from the model, and adding an interaction term
for daily vitamin C intake in the model. Subgroup analysis using the mul-
tiple linear model was performed using type of dietary iron (heme versus
non-heme). Multiple linear regression was also used to explore the




A total of 1257 women had dietary recall information in the ﬁrst tri-
mester. The mean dietary iron intake from food was 11.5 mg/day
(SD ¼ 5.3), with only 20% (n ¼ 257) of women reporting intake
.14.8 mg/day [95% conﬁdence interval (CI): 18, 23%]. Women
who reported iron intake less than or equal to the UK LRNI of
8 mg/day were 24% (95% CI: 22%, 27%). Only 4% reported a
dietary iron intake of more than the US recommended intake during
pregnancy of 27 mg/day (95% CI: 3, 5%). Mean heme iron intake
was 0.6 mg/day (SD ¼ 0.8). This estimate for heme iron changed
little after excluding the 114 reported vegetarian participants (with a
heme iron intake of zero). Mean non-heme iron intake was
10.9 mg/day (SD ¼ 5.2; Table I).
In the recall, 20% of participants (95% CI: 18%, 22%) reported
taking iron-containing supplements compared with 24% (95% CI:
22%, 26%) in the ﬁrst trimester questionnaire (Kappa agreement ¼
0.85). 15% (95% CI: 13%, 18%) and 8% (95% CI: 7%, 10%) reported
taking iron-containing supplements in the second and third trimester
questionnaires, respectively. Mean total iron intake from diet and sup-
plements, as recorded in the recall, was 16.5 mg/day (SD ¼ 21.1).
34% (95% CI: 32%, 37%) of women had an iron intake .14.8 mg/
day from diet and supplements. Only 11 participants reported
taking iron-only preparations in the recall, which were assumed to
be the conventional therapeutic preparation with a dose of 65 mg
iron/tablet, and 5 reported taking a preparation of iron and folic
acid that contains 100 mg iron per dose. Mean total iron excluding
these 16 participants was 14.3 mg/day (SD ¼ 8.4). Only 8, 21 and
29 participants reported taking iron-only supplements in the ﬁrst,
second and third trimester questionnaires, respectively.
Characteristics of women with high versus
low iron intake groups
Women with dietary iron intake .14.8 mg/day were more likely to
be older, report a higher total energy intake (Kcal/day), have a univer-
sity degree, be vegetarian and take daily supplements during the ﬁrst
trimester, including iron-containing supplements. They were less
likely to be smokers, live in an area with the worst IMD quartile or
have a long-term illness (Table II). Vegetarian participants were less
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likely to have dietary iron intake ≤14.8 mg/day [unadjusted odds ratio
(OR) ¼ 0.5, 95% CI: 0.4, 0.8, P ¼ 0.004]. Vegetarians were also more
likely to take iron-containing supplements during the ﬁrst and second
trimester (OR ¼ 2.9, 95% CI: 2.0, 4.3, P, 0.0001 for the ﬁrst trime-
ster; OR ¼ 2.9, 95% CI: 1.9, 4.4, P, 0.0001 for the second
trimester).
Birth outcomes
There were 1259 babies with information on birthweight. Mean birth-
weight was 3439 g (SD ¼ 577 g) with 4.4% of babies weighing
,2500 g (n ¼ 55). Totally, 13% (n ¼ 166) weighed less than the
10th centile, 8% (n ¼ 99) less than the ﬁfth centile and 5% (n ¼ 65)
less than the third centile. Babies weighing more than the 90th
centile were 9% (n ¼ 118). Of the 1234 pregnancies with information
on gestational age, 55 (4.5%) delivered before 37-week gestation.
Relationship between blood indices and birth
outcome
The number of participants who had information on Hb and MCV at
12 and 28-week gestation were 558 and 572, respectively. Mean Hb
was 12.7 g/dl (SD ¼ 0.9 g/dl) at 12 weeks and 11.5 g/dl (SD ¼
1 g/dl) at 28 weeks. The proportion of participants with Hb
,11 g/dl was 3% at 12 weeks and 23% at 28 weeks. Mean MCV
was 90 ﬂ (SD ¼ 5.0 ﬂ) at 12 weeks and 89 ﬂ (SD ¼ 5.5 ﬂ) at 28
weeks. There was no relationship between customized birth centile
or birthweight in grams and Hb/MCV at 12 or 28-week pregnancy
in this study. Hb at 28 weeks was associated with SGA (unadjusted
OR per g/dl increase in Hb ¼ 1.4, 95% CI: 1.1, 1.8, P ¼ 0.02; OR
adjusted for maternal age, salivary cotinine levels and alcohol
intake ¼ 1.4, 95% CI: 1, 1.8, P ¼ 0.03). Adjusting for dietary iron
intake did not alter this relationship.
Relationship between blood indices
and dietary intake
There was no relationship between Hb/MCV at 12 or 28-week preg-
nancy with dietary iron intake in the ﬁrst trimester. However, there
was a positive relationship between taking iron-containing sup-
plements as reported in the ﬁrst trimester questionnaire and Hb at
12 and 28 weeks, and MCV at 28 weeks. The relationship remained
signiﬁcant for Hb at 12 and 28 weeks after adjusting for maternal
age, ethnicity, parity, educational attainment, vegetarian diet and
IMD score in multiple linear regression model. Taking iron-containing
supplements in the second trimester was also positively associated
with Hb at 28 weeks (Table III).
Relationship between iron intake
and birthweight
Dietary iron intake from food was signiﬁcantly related to birthweight
measured on the customized birth centile (unadjusted change per
10 mg/day increase in dietary iron intake during the ﬁrst trimester ¼
5.2 centile points, 95% CI: 2.2, 8.2, P ¼ 0.001). Adjusting for maternal
age, salivary cotinine levels and alcohol intake attenuated this relation-
ship (adjusted change ¼ 3.1 centile points, 95% CI: 20.2, 6.3, P ¼
0.07; Table IV). The estimate changed little when excluding veg-
etarians, or including calcium or zinc intake as interaction terms with
iron intake (data not shown). Considering birthweight in grams as
an outcome, the unadjusted change per 10 mg/day increase in
dietary iron intake was 70 g (95% CI: 10, 130, P ¼ 0.02). When adjust-
ing for maternal age, cotinine levels, alcohol intake, maternal weight,
height, parity, ethnicity, gestational age and baby’s sex, the change
was 34 g (95% CI: 213, 80, P ¼ 0.2).
There was no relationship between heme iron intake and custo-
mized birth centile (unadjusted change per 1 mg/day increase in
heme iron intake ¼ 21.2 centile points, 95% CI: 23.3, 0.8,
P ¼ 0.2), while the relationship was statistically signiﬁcant for
non-heme iron (unadjusted change per 1 mg/day increase in
non-heme iron intake ¼ 0.6, 95% CI: 0.3, 0.9, P, 0.0001; adjusted
change ¼ 0.3, 95% CI: 0, 0.9, P ¼ 0.05). There was a positive relation-
ship between total iron intake, from food and supplements, with cus-
tomized birth centile (unadjusted change per 10 mg/day increase in
total iron intake ¼ 4.3, 95% CI: 2.4, 6.3, P, 0.0001, adjusted
change ¼ 2.5, 95% CI 0.4, 4.6, P ¼ 0.02; Table IV).
Role of vitamin C intake
The relationship between dietary iron intake from food and custo-
mized birth centile was signiﬁcant in participants with vitamin C
intake above 50 mg/day (adjusted change per 10 mg/day increase in
dietary iron intake ¼ 3.9, 95% CI: 0.4, 7.5, P ¼ 0.03), compared
with 21.9 (95% CI: 211.1, 7.5, P ¼ 0.7, n ¼ 253) for those with
vitamin C intake ≤50 mg/day. However, the interaction between
iron and vitamin C intakes on the outcome was not signiﬁcant
(P ¼ 0.3). Similar relationships were observed for non-heme iron
.............................................................................................................................................................................................






Iron intake from food (mg/day) 11.5 5.3 10.5 8.1, 13.7
Heme iron intake (mg/day) 0.6 0.8 0.3 0.1, 0.8
Non-heme iron intake (mg/day) 10.9 5.2 10 7.6, 13.0
Total iron from food and supplements (mg/day) 16.5 21.1 11.8 8.6, 19.1
Total iron from food and supplements excluding therapeutic iron preparations
(≥65 mg/dose) (mg/day)
14.3 8.4 11.6 8.5, 18.6
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and total iron intake from diet and supplements using an interaction
term between iron intake and vitamin C intake in the models
(Table IV).
Relationship between iron intake and small
for gestational age
Participants with dietary iron intake ≤14.8 mg/day were 1.6 times
more likely to have a SGA baby (95% CI: 1.0, 2.5, P ¼ 0.05).
However, the adjusted relationship was not signiﬁcant (1.4, 95% CI:
0.9, 2.3, P ¼ 0.2). This pattern is similar for total iron intake from
diet and supplements (Table IV).
Relationship between iron intake
and preterm birth
There was no relationship between iron intake from diet only, or from
diet and supplements, as recorded in the recall diary in the ﬁrst trime-
ster, and preterm birth (Table IV).
Relationship between intake of
iron-containing supplements and birth
outcomes
There was no association between daily intake of iron-containing
supplements in the ﬁrst and second trimester and customized
birth centile. There was an inverse association between taking
iron-containing supplements in the third trimester (73% of which as
part of multivitamin-mineral preparations) and customized birth
centile adjusted for salivary cotinine levels, alcohol intake and maternal
age (adjusted difference¼ 210.7, 95% CI: 216.7, 24.8, P, 0.0001).
Discussion
This study shows a positive relationship between both total iron intake
(from food and supplements) and non-heme iron intake, derived from
24-h dietary recall in the ﬁrst trimester of pregnancy, and birthweight.
There was no association between iron intake and preterm birth.
Strengths and limitations of the study
This was a large prospective cohort study. Although a randomized
controlled trial is the gold standard study design to investigate causal-
ity, this design would be difﬁcult to execute especially when the
exposure is dietary intake. The response rate to take part in the
study was 20% out of all the women who were invited, and the per-
centage of low birthweight babies (,2500 g) in this study (4.4%) was
less than the National (7.2%) and the Yorkshire & Humber region
average (7.8%) for 2007 (Ofﬁce for National Statistics, 2007). This
raises the possibility that women who are more likely to have low
birthweight babies were less likely to participate in this study. We
have used customized birth centile that takes into account gestational
age, maternal height, weight, ethnicity and parity and neonatal
..................................................................................................
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Dietary iron intake (mg/day), mean (95% CI) 19.6 (15.0, 31.7) 9.4 (4.5, 13.8) –
Age of mother (years), mean (95% CI) 31 (30, 31) 30 (29, 30) 0.004
Pre-pregnancy weight (kg), mean (95% CI) 66 (64, 68) 68 (67, 68) 0.1
Total energy intake (kcal), mean (95% CI) 2777 (2657, 2897) 1958 (1924, 1991) ,0.0001
(MJ), mean (95% CI) 11.6 (11.1, 12.1) 8.2 (8.1, 8.3)
Active smoker at 12 weeks (%, 95% CI) 8 (5, 12) 20 (17, 23) ,0.0001
IMD most deprived quartile (%, 95% CI) 25 (20, 31) 32 (29, 35) 0.03
Caucasian (%, 95% CI) 91 (87, 95) 94 (92, 95) 0.2
Higher education (%, 95% CI) 52 (49, 58) 35 (32, 39) ,0.0001
Vegetarian (ovo-lacto) (%, 95% CI) 13 (10, 18) 8 (6, 10) 0.004
Primigravida (%, 95% CI) 47 (41, 54) 46 (43, 49) 0.7
History of long-term illness (%, 95% CI) 9 (6, 13) 14 (12, 16) 0.04
Average alcohol consumption .0.5 units/day throughout
pregnancy (%, 95% CI)
30 (24, 36) 26 (23, 29) 0.2
Past history of miscarriage (%, 95% CI) 20 (16, 26) 25 (22, 27) 0.08
Report taking any form of daily supplements in the ﬁrst
trimester questionnaire (%, 95% CI)
87 (82, 91) 81 (78, 83) 0.01
Report taking daily iron-containing supplements in the ﬁrst
trimester questionnaire (%, 95% CI)
29 (23, 35) 23 (20, 25) 0.04
IMD, index of multiple deprivation.
*P-value using two-sample t-test for continuous variables, x2-test for categorical variables.
aReference nutrient intake (RNI) for iron for women aged 19–50 years in the UK.
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Table IV The relationship between maternal dietary iron intake during pregnancy and customized size at birth, Leeds,
UK, 2003–2006.
Customized birth centile (takes into account: maternal pre-pregnancy weight, height, parity, ethnicity, gestation and baby’s sex)
Unadjusted
change
95% CI P-value Adjusted
changea
95% CI P-value
Dietary iron intakeb 5.2 2.2, 8.2 0.001 3.1 20.2, 6.3 0.07
Dietary iron intake in participants with
vitamin C intake .50 mg/dayb
5.3 1.9, 8.6 0.002 3.9 0.4, 7.5 0.03
Non-heme iron intakeb 5.7 2.6, 8.8 ,0.0001 3.4 0.0, 8.8 0.05
Non-heme iron intake in participants with
vitamin C intake .50 mg/dayb
5.9 2.5, 9.3 0.001 4.4 0.7, 8.0 0.02
Heme iron intakec 21.2 23.3, 0.8 0.2 20.7 22.8, 1.4 0.6
Total iron intaked,b 4.3 2.4, 6.3 ,0.0001 2.5 0.4, 4.6 0.02
Total iron intaked in participants with
vitamin C intake .50 mg/dayb
4.4 2.2, 6.5 ,0.0001 3.0 0.7, 5.4 0.01
Small for gestational age (,10% centile)
Unadjusted ORe 95% CI P-value Adjusted ORa 95% CI P-value
Dietary iron intake (≤14.8 mg/day) 1.6 1.0, 2.5 0.05 1.4 0.9, 2.3 0.2
Total iron intaked (≤14.8 mg/day) 1.5 1.0, 2.1 0.04 1.2 0.8, 1.8 0.3
Preterm birth (,37-week gestation)
Unadjusted ORe 95% CI P-value Adjusted ORa 95% CI P-value
Dietary iron intake (≤14.8 mg/day) 1.1 0.7, 2.3 0.7 1.0 0.5, 2.3 0.8
Total iron intaked (≤14.8 mg/day) 1.5 0.8, 2.7 0.2 1.3 0.7, 2.5 0.4
aAdjusted for maternal age, salivary cotinine levels and alcohol intake in a multiple linear regression model, with an interaction term between iron and vitamin C intakes where the
estimates are reported in the table to be for iron intake in the group with vitamin C intake .50 mg/day.
bPercentage point change in customized centile per 10 mg/day increase in iron intake.
cPercentage point change in customized centile per 1 mg/day increase in heme iron intake.
dFrom food and supplements excluding therapeutic iron supplement takers (≥65 mg/dose).
eOdds ratio with dietary iron intake .14.8 mg/day as the reference group.
.............................................................................................................................................................................................
Table III The relationship between dietary and supplemental iron intake and maternal blood indices (Hb and MCV)
during pregnancy.
Unadjusted change 95% CI P-value Adjusted changea 95% CI P-value
Dietary iron intake≤14.8 mg/day in the ﬁrst trimester
Hb at 12 weeks (g/dl) 0.1 20.1, 0.3 0.2 0.09 20.1, 0.3 0.4
Hb at 28 weeks (g/dl) 20.1 20.3, 0.1 0.3 20.1 20.3, 0.1 0.4
MCV at 12 weeks (flb) 0.2 20.1, 1.2 0.7 0.3 20.7, 1.3 0.6
MCV at 28 weeks (fl) 20.9 22.0, 0.2 0.1 20.8 21.9, 0.3 0.2
Daily intake of iron-containing supplements in the ﬁrst trimester
Hb at 12 weeks (g/dl) 0.3 0.1, 0.4 0.005 0.2 0.05, 0.4 0.01
Hb at 28 weeks (g/dl) 0.4 0.2, 0.6 ,0.0001 0.3 0.2, 0.5 ,0.0001
MCV at 12 weeks (flb) 0.6 20.4, 1.5 0.2 0.1 20.8, 1.1 0.8
MCV at 28 weeks (fl) 1.3 0.4, 2.4 0.008 0.8 20.2, 1.8 0.1
Daily intake of iron-containing supplements in the second trimester
Hb at 28 weeks (g/dl) 0.3 0.1, 0.6 0.002 0.2 0.0, 0.5 0.05
MCV at 28 weeks (fl) 1.5 0.4, 2.8 0.01 0.7 20.05, 2.0 0.3
aAdjusted for: maternal age, ethnicity, chronic illness, Index of Multiple Deprivation score, educational attainment, parity and vegetarian diet in a linear regression model.
bFemtolitres.
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birthweight and sex. However, it does not take into account paternal
height, which has been shown to be related to birthweight (Morrison
et al., 1991; Nahum and Stanislaw, 2003).
Dietary iron intake was ascertained using 24-h dietary recall
recorded by a midwife-administered interview at around 12-week ges-
tation. This method has been validated, and found to be comparable
with other dietary assessment methods such as food frequency ques-
tionnaires and food diaries in estimating iron intake (Bingham et al.,
1997). However, 24-h recall has its limitations such as failure to
recall diet accurately and the chance of consuming non-typical diet
during the day prior to the assessment. While the study has a large
sample size and hence good probable estimates of mean daily
intake, these estimates may be more widely dispersed than in reality
due to the use of this dietary assessment method. It, therefore, may
over-estimate the proportion of mothers with extremely high or
low iron intakes—for example, the proportion with daily iron intake
less than UK LRNI (24% in our sample). However, there is evidence,
when validating 24-h recalls against other methods of dietary assess-
ment, that recall is prone to over-reporting low intakes and under-
reporting high intakes (Gersovitz et al., 1978).
The estimation of heme iron intake may have been subject to
greater error than the estimation of non-heme intake, given that it
constitutes a smaller proportion of total dietary iron. The use of sup-
plements was recorded both in the 24-h recall and the interviewer-
administered and self-reported questionnaires. The extent of agree-
ment was high between the two methods in this study for reporting
iron-containing supplements intake; however, there is potential for
measurement error using both methods. It is unlikely that women
with adverse outcomes would have reported their supplement-use
pattern or dietary intake differently to other women since it is a pro-
spective study, therefore reducing the chance of differential bias. We
decided to use the supplements reported in the recall, rather than the
questionnaire, to add to the dietary iron to derive the total iron intake
variable as they were both reported in the same recall.
Interpretation of ﬁndings
We found that non-heme (rather than heme) iron was positively
related to size at birth. This raises the possibility that the observed
relationship is due to residual confounding by an unmeasured factor
associated with both non-heme iron intake and size at birth. We,
therefore, carried out a sensitivity analysis by excluding vegetarians,
as vegetarian status may be associated with a generally healthier diet
and lifestyle. This did not change the regression estimates. It could
be that participants with a higher intake of heme iron are more
likely to have adverse birth outcomes due to lifestyle and socioeco-
nomic factors associated with high meat intake (Hulshof et al.,
2003), thus counteracting any positive effect for heme iron.
However, adjusting for educational status and IMD group did not
change the results (data not shown). Findings from the Motherwell
cohort study suggest that a diet high in low-quality meat might itself
reduce fetal growth, perhaps through stimulating a stress response
in the mother (Herrick et al., 2003).
Adjustment for total energy intake is recommended if it is a con-
founder of the relationship being examined (Willett et al., 1997).
However, we did not adjust for it here because it did not fulﬁl the deﬁ-
nition of a ‘true’ confounder. Confounding can result if total energy
intake is associated with both the exposure of interest and the main
outcome (Pearl, 2000), which is not the case in this study as total
energy intake was not associated with birthweight (data not shown).
Although effect modiﬁcation was not signiﬁcant for vitamin C, the
stronger association between iron intake and birthweight in partici-
pants whose vitamin C intake was .50 mg/day is of interest as
vitamin C is the best known enhancer of iron absorption (Pearl,
2000; Gibney et al., 2004). We used a cut-off of the pregnancy RNI
of 50 mg/day for vitamin C, but the threshold where daily vitamin
C intake starts to have an effect on iron absorption in vivo is not
exactly known.
Hb and MCV were used as proxies for iron status to assess the
extent of agreement with iron intake levels. However, there are
major limitations for the use of Hb and MCV levels as indicators of
iron status as they do not represent speciﬁc or sensitive measures
of body iron stores (Milman, 2006). We found no association
between dietary iron intake and Hb or MCV levels. This is not a sur-
prising ﬁnding as these blood indices are only affected when iron
deﬁciency is pronounced. It is difﬁcult to determine the direction of
the relationship between iron-containing supplements and Hb.
Anemic participants are more likely to take iron-containing sup-
plements. This is supported by the stronger positive relationship
between taking iron-containing supplements in the ﬁrst trimester
and Hb at 28 weeks compared with that at 12-week gestation.
Conclusion and implications for research
and practice
This study conﬁrms a positive association between total iron intake,
from food and supplements, in the ﬁrst trimester of pregnancy, and
customized birth centile. Although iron intake from food alone is
not signiﬁcantly associated with birthweight after adjustment, intake
of non-heme iron is more strongly associated with birthweight than
heme iron. Further research is needed to explore the role of
vitamin C intake in the relationship between dietary and supplemen-
tary iron intake and birth outcomes. A randomized controlled trial
of high dietary iron intake combined with vitamin C at mealtimes
during early pregnancy could provide some important insights. Public
health messages about increasing iron intake during early pregnancy
and ways to optimize iron absorption, whether from diet or sup-
plements, need to be promoted.
Authors’ roles
J.E.C., D.C.G. and N.A.B.S. contributed to the study design and data
collection. N.A.A. performed the statistical analysis, with assistance
from D.C.G., N.A.A. wrote the ﬁrst draft of the paper. All authors
participated in the reporting stage and have seen and approved the
ﬁnal draft of the paper.
Acknowledgements
We thank all the women who participated in this study; Vivien Dolby &
Heather Ong, for administering the dietary recall; Sinead Boylan for
recruitment and data collection; Kay White and Alastair Hay for lab-
oratory analysis of cotinine levels and James Thomas for database
management.
Iron intake in pregnancy and birth outcomes 917
Funding
This work was supported by the Wellcome Trust (Grant number
WT87789 to N.A.A.) and the Food Standards Agency, United
Kingdom (Grant number T01033). Funding to pay the Open Access
publication charges for this article was provided by the Wellcome
Trust.
References
Al-Shoshan AA. Diet history and birth weight relationship among Saudi
pregnant women. Pak J Med Sci 2007;23:176.
Andersen N, Fagt S, Groth M, Hartkopp H, Moller A, Ovesen L,
Warming D. Dietary habits in Denmark. Main Results. Copenhagen:
National Food Agency of Denmark, 1995.
Andersen HS, Gambling L, Holtrop G, McArdle HJ. Maternal iron
deﬁciency identiﬁes critical windows for growth and cardiovascular
development in the rat postimplantation embryo. J Nutr 2006;136:1171.
Baker PN, Wheeler SJ, Sanders TA, Thomas JE, Hutchinson CJ, Clarke K,
Berry JL, Jones RL, Seed PT, Poston L. A prospective study of
micronutrient status in adolescent pregnancy. Am J Clin Nutr 2009;89:1114.
Beard JL. Iron deﬁciency: assessment during pregnancy and its importance
in pregnant adolescents. Am J Clin Nutr 1994;59:502S.
Beard JL. Why iron deﬁciency is important in infant development. J Nutr
2008;138:2534–2536.
Bergmann RL, Gravens-Mu¨ller L, Hertwig K, Hinkel J, Andres B,
Bergmann KE, Dudenhausen JW. Iron deﬁciency is prevalent in a
sample of pregnant women at delivery in Germany. Eur J Obstet
Gynecol Reprod Biol 2002;102:155–160.
Bingham SA, Gill C, Welch A, Cassidy A, Runswick SA, Oakes S, Lubin R,
Thurnham DI, Key TJ, Roe L. Validation of dietary assessment methods
in the UK arm of EPIC using weighed records, and 24-hour urinary
nitrogen and potassium and serum vitamin C and carotenoids as
biomarkers. Int J Epidemiol 1997;26(Suppl. 1):S137.
CARE Study Group. Maternal caffeine intake during pregnancy and risk of
fetal growth restriction: a large prospective observational study. BMJ
2008;337:a2332.
Casanueva E, Viteri FE. Iron and oxidative stress in pregnancy. J Nutr 2003;
133(5 Suppl. 2):1700S–1708S.
Centers for Disease Control and Prevention (CDC). Recommendations to
prevent and control iron deﬁciency in the United States. MMWRMorb
Mortal Wkly Rep 1998;77(RR-3):1–29.
Christian P, Khatry SK, Katz J, Pradhan EK, LeClerq SC, Ram Shrestha S,
Adhikari RK, Sommer A, West KP. Effects of alternative maternal
micronutrient supplements on low birth weight in rural Nepal: double
blind randomised community trial supplements. BMJ 2003;326:571–572.
Cogswell ME, Parvanta I, Ickes L, Yip R, Brittenham GM. Iron
supplementation during pregnancy, anemia, and birth weight: a
randomized controlled trial. Am J Clin Nutr 2003;78:773–781.
Crozier S, Robinson S, Godfrey K, Cooper C, Inskip H. Women’s dietary
patterns change little from before to during pregnancy. J Nutr 2009;
139:1956.
Department for Communities and Local Government. Indices of deprivation.
Retrieved 29 July 2009, from www.communities.gov.uk, 2009.
Department of Health. Dietary reference values for food energy and
nutrients for the United Kingdom. Report of the panel on dietary
reference values of the committee on medical aspects of food policy.
London: Her Majesty’s Stationery Ofﬁce, 1991.
DoyleW, Crawford MA,Wynn AHA,Wynn SW. The association between
maternal diet and birth dimensions. J Nutr Environ Med 1990;1:9–17.
Food Standards Agency. National Diet and Nutrition Survey: Adults Aged 19
to 64, Vol.3. London: Food Standards Agency, 2003.
FSA. National Diet and Nutrition Survey: Adults Aged 19 to 64, Vol. 3.
London: Food Standards Agency, 2003.
Gambling L, Dunford S, Wallace D, Zuur G, Solanky N, Kaila S,
McArdle H. Iron deﬁciency during pregnancy affects postnatal blood
pressure in the rat. J Physiol 2003;552:603–610.
Gambling L, Dunford S, McArdle HJ. Iron deﬁciency in the pregnant rat has
differential effects on maternal and fetal copper levels. J Nutr Biochem
2004;15:366–372.
Gardosi J. Customised fetal growth standards: rationale and clinical
application. Semin Perinatol 2004;28:33–40.
Gersovitz M, Madden JP, Smiciklas-Wright H. Validity of the 24-hr. dietary
recall and seven-day record for group comparisons. J Am Diet Assoc
1978;73:48.
Gibney MJ, Margetts BM, Kearney JM, Arab L. Public Health Nutrition.
Oxford: Blackwell Publishing, 2004.
Godfrey K, Robinson S, Barker DJP, Osmond C, Cox V. Maternal nutrition
in early and late pregnancy in relation to placental and fetal growth. BMJ
1996;312:410.
Haste FM, Brooke OG, Anderson HR, Bland JM. The effect of nutritional
intake on outcome of pregnancy in smokers and non-smokers. Br J Nutr
1991;65:347–354.
Herrick K, Phillips DIW, Haselden S, Shiell AW, Campbell-Brown M,
Godfrey KM. Maternal consumption of a high-meat, low-carbohydrate
diet in late pregnancy: relation to adult cortisol concentrations in the
offspring. J Clin Endocrinol Metab 2003;88:3554.
Hornsey H. The colour of cooked cured pork. 1. Estimation of the nitric
oxide-haem pigments. J Sci food Agric 1956;7:541.
Hulshof KFAM, Brussaard JH, Kruizinga AG, Telman J, Lowik MRH.
Socio-economic status, dietary intake and 10[emsp14]y trends: the
Dutch National Food Consumption Survey. Eur J Clin Nutr 2003;
57:128–137.
IOM. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron,
Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon,
Vanadium, and Zinc. Washington DC: Institute of Medicine, National
Academy Press, 2001.
Lagiou P, Mucci L, Tamimi R, Kuper H, Lagiou A, Hsieh CC,
Trichopoulos D. Micronutrient intake during pregnancy in relation to
birth size. Eur J Nutr 2005;44:52–59.
Lisle S, Lewis R, Petry C, Ozanne S, Hales C, Forhead A. Effect of maternal
iron restriction during pregnancy on renal morphology in the adult rat
offspring. Br J Nutr 2003;90:33–39.
Mathews F, Yudkin P, Neil A. Inﬂuence of maternal nutrition on outcome
of pregnancy: prospective cohort study. BMJ 1999;319:339.
Mathews F, Youngman L, Neil A. Maternal circulating nutrient
concentrations in pregnancy: implications for birth and placental
weights of term infants. Am J Clin Nutr 2004;79:103.
McCance RA. Composition of Foods. London, UK: Royal Society of
Chemistry, 1990.
Milman N. Iron and pregnancy—a delicate balance. Ann Hematol 2006;
85:559–565.
Milman N, Clausen J, Byg KE. Iron status in 268 Danish women aged 18–
30 years: inﬂuence of menstruation, contraceptive method, and iron
supplementation. Ann Hematol 1998;77:13–19.
Mitchell E, Robinson E, Clark P, Becroft D, Glavish N, Pattison N, Pryor J,
Thompson J, Wild C. Maternal nutritional risk factors for small for
gestational age babies in a developed country: a case-control study.
Arch Dis Child Fetal Neonatal Ed 2004;89:F431.
Morrison J, Williams GM, Najman JM, Andersen MJ. The inﬂuence of
paternal height and weight on birth weight. Aust N Z J Obstet Gynaecol
1991;31:114–116.
918 Alwan et al.
Nahum GG, Stanislaw H. Relationship of paternal factors to birth weight.
J Reprod Med 2003;48:963–968.
National Center for Health Statistics. Plan and operation of the Third
National Health and Nutrition Examination Survey. Washington, DC:
U.S. Department of Health and Human Services, Public Health
Service, Centers for Disease Control and Prevention, 1988–94.
NICE. Antenatal Care: Routine Care for the Healthy Pregnant Woman.
London, National Institute for Clinical Excellence, 2008.
O’Brien KO, Zavaleta N, Caulﬁeld LE, Yang DX, Abrams SA. Inﬂuence of
prenatal iron and zinc supplements on supplemental iron absorption,
red blood cell iron incorporation, and iron status in pregnant Peruvian
women. Am J Clin Nutr 1999;69:509.
O’Brien KO, Zavaleta N, Caulﬁeld LE, Wen J, Abrams SA. Prenatal iron
supplements impair zinc absorption in pregnant Peruvian women.
J Nutr 2000;130:2251.
O’Brien KO, Zavaleta N, Abrams SA, Caulﬁeld LE. Maternal iron status
inﬂuences iron transfer to the fetus during the third trimester of
pregnancy. Am J Clin Nutr 2003;77:924.
O’Hara BA. The joint effects of genotype and nutrient intake on iron status
in women. Ph.D. Thesis. Nutritional Epidemiology Group. Leeds:
University of Leeds, Ph.D., 2004.
Ofﬁce for National Statistics. Low birth weight live births 2007. Retrieved
27 July 2010, from http://www.data4nr.net/resources/524, 2009.
Pearl J. Why there is no statistical test for confounding, why many think
there is, and why they are almost right. Causality: Models, Reasoning,
and Inference. Cambridge: Cambridge University Press, 2000.
Pena-Rosas JP, Viteri FE. Effects and safety of preventive oral iron or
iron + folic acid supplementation for women during pregnancy.
Cochrane Database Syst Rev 2009; CD004736.
Preziosi P, Prual A, Galan P, GDaouda H, boureima H, Hercberg S. Effect
of iron supplementation on the iron status of pregnant
women: consequences for newborns. Am J Clin Nutr 1997;
66:1178–1182.
Rao R, Georgieff MK. Iron in fetal and neonatal nutrition. Semin Fetal
Neonatal Med 2007;12:54–63.
Robinson S, Godfrey K, Denne J, Cox V. The determinants of iron status in
early pregnancy. Br J Nutr 1998a;79:249–255.
Rossander-Hulten L, Brune M, Sandstrom B, Lonnerdal B, Hallberg L.
Competitive inhibition of iron absorption by manganese and zinc in
humans. Am J Clin Nutr 1991;54:152.
Roughead ZK, Hunt JR. Adaptation in iron absorption: iron
supplementation reduces nonheme-iron but not heme-iron absorption
from food. Am J Clin Nutr 2000;72:982.
Scholl TO. Iron status during pregnancy: setting the stage for mother and
infant. Am J Clin Nutr 2005a;81:1218S–1222S.
Scholl TO, Hediger ML. Anemia and iron-deﬁciency anemia: compilation
of data on pregnancy outcome. Am J Clin Nutr 1994;59:492S–500S.
Scholl TO, Hediger ML, Fischer RL, Shearer JW. Anemia vs iron deﬁciency:
increased risk of preterm delivery in a prospective study. Am J Clin Nutr
1992;55:985–988.
Schricker BR, Stouffer D. Measurement and content of nonheme and total
iron in muscle. J Food Sci 1982;47:740–743.
Skikne B, Baynes RD. Iron absorption. In: Brock J, Halliday J, Pippard M,
Powell L (eds). Iron Metabolism in Health and Disease. London:
Saunders, 1994.
Trygg K, Lund-Larsen K, Sandstad B, Hoffman HJ, Jacobsen G,
Bakketeig LS. Do pregnant smokers eat differently from pregnant
non-smokers. Paediatr Perinat Epidemiol 1995;9:307–319.
Tzoulaki I, Brown I, Chan Q, Van Horn L, Ueshima H, Zhao L, Stamler J,
Elliott P. Relation of iron and red meat intake to blood pressure: cross
sectional epidemiological study. BMJ 2008;337:a258.
Vaidya A, Saville N, Shrestha BP, L de Costello AM, Manandhar DS,
Osrin D. Effects of antenatal multiple micronutrient supplementation
on children’s weight and size at 2 years of age in Nepal: follow-up
of a double-blind randomised controlled trial. Lancet 2008;
371:492–499.
Willett WC, Howe GR, Kushi LH. Adjustment for total energy intake in
epidemiologic studies. Am J Clin Nutr 1997;65:1220S.
World Health Organization (WHO). Iron and folate supplementation.
Standards for maternal and neonatal care. Integrated Management
of Pregnancy and Childbirth (IMPAC). Geneva: World Health
Organization. Department of Making Pregnancy Safer (MPS). 1.8,
2006.
Zhang J, Lewis R, Wang C, Hales N, Byrne C. Maternal dietary iron
restriction modulates hepatic lipid metabolism in the fetuses. Am J
Physiol Regul Integr Comp Physiol 2005;288:R104–R111.
Zhou L-M, Yang W-W, Hua J-Z, Deng C-Q, Tao X, Stoltzfus RJ. Relation
of hemoglobin measured at different times in pregnancy to preterm
birth and low birth weight in Shanghai, China. Am J Epidemiol 1998;
148:998–1006.
Iron intake in pregnancy and birth outcomes 919
